The present work aims at quantifying the benefit of Low Impact Development (LID) practices in reducing peak runoff and runoff volume, and at comparing LID practices to conventional stormwater solutions. The hydrologic-hydraulic model used was the Storm Water Management Model (SWMM5.1). The LID practices modeled were: (i) Green roofs; and (ii) Permeable pavements. Each LID was tested independently and compared to two different conventional practices, i.e., sewer enlargement and detention pond design. Results showed that for small storm events LID practices are comparable to conventional measures, in reducing flooding. Overall, smaller storms should be included in the design process.
Introduction
Urban drainage networks contribute to human well-being by preventing flooding, and so are considered as essential infrastructure [1] [2] [3] [4] . As urban areas become larger, denser and more impervious, usually expanding faster than their storm drainage systems, floods become more frequent and more devastating than in the past [5] [6] [7] [8] . During the last years, researchers have posed their concerns and criticism regarding the limited capacity and the flexibility of conventional drainage solutions to flooding (i.e., sewer enlargement; detention pond design etc.), especially for their ability to cope with climate variability and urbanization [9] [10] [11] . New technologies (i.e., sustainable drainage solutions) have emerged that take into account other aspects of urban stormwater management, such as [1, 2, [12] [13] [14] : (i) runoff quality; (ii) visual amenity; (iii) recreational value; and (iv) ecological protection. Nowadays sustainable drainage solutions are widely recommended and applied in different parts of the world [12, [15] [16] [17] [18] [19] [20] [21] . They are called Low Impact Development (LID) in the United States and Sustainable Urban Drainage solutions (SUDs) in Europe. As LID practices present high interest in the last years, researchers have focused on evaluating LID hydrological performance and hydraulic behavior on flooding [16] [17] [18] [19] [20] . However, little is known regarding LID ability in reducing hydrologic impacts at the watershed scale [12, 13, 15] .
The present work aims to quantify the benefit of LID practices in reducing peak runoff and runoff volume, and to compare their efficiency in reducing flooding with those of two traditional stormwater practices [22] . LID and conventional practices were simulated for 2, 5, 10, and 100-year synthetic design storms. The LID practices tested included Green Roofs (GR) and Permeable Pavements (PP), while the conventional measures included Sewer Enlargement (SE), and Detention Ponds (DP) placed parallel to the drainage network.
Materials and Methods

Study Site
The study site is located in Athens, Greece, and covers an area of 0.89 km 2 (89 ha). Most of the drainage area is densely developed (Figure 1 ). The portion of the combined drainage network corresponding to the catchment consisted of 79 combined pipes and 112 junctions with a total length of 5.34 km. The combined drainage system comprised either egg-shaped sewers with depths ranging from 0.9 m to 2.4 m, or pipes with diameters ranging from 0.3 m to 0.6 m. A full description of the study area is given by Kourtis et al. [22] . 
SWMM Model
The software used in modelling conventional measures and LID practices was SWMM5.1 of the U.S. Environmental Protection Agency. SWMM is a fully dynamic rainfall-runoff model used for the simulation of water quantity, quality and LID controls in urban areas [22] [23] [24] [25] [26] [27] . Infiltration computations for the entire study area were based on the Curve Number method. In hydraulic calculations, the Dynamic Wave model was used with time step fixed at 0.1 s. SWMM software parameters and their variation ranges are presented in Table 1 . Subcatchment information, such as area, slope, percent imperviousness and curve number values, were estimated based on the Digital Elevation Model (DEM) and the land uses of the study area using GIS techniques, while typical values from the literature were used for [26, [28] [29] [30] : (i) width; (ii) Manning's roughness coefficient for overland flow in pervious and impervious surfaces; (iii) depression storage for pervious and imperious areas; and (iv) Manning's roughness coefficient for storm sewers. As the study site is ungauged, the following IDF curves were used in simulating existing condition, conventional measures and LID practices [31] :
where i is the rainfall intensity (mm/h), T is the return period (years), and t is the rainfall duration (h).
The Alternating Block Method was used for developing rainfall distributions of 1-h duration [32] . The 2-, 5-, 10-and 100-year return period synthetic storm events were simulated, with respective rainfall depths of 18.63, 24.00, 29.06, and 54.86 mm. 
LID Practices and Conventional Measures
The main objective both of LID and conventional measures was to improve drainage conditions, so that the combined drainage network would be able to handle the runoff of return periods of up to ten years without surface flooding. Conventional measures and LID practices were simulated and compared with the existing condition using EPA SWMM5.1 software.
GR mainly retain part of the rainfall but also lengthen flow paths, thus reducing runoff from impervious surfaces. PP can be used to replace impervious concrete or asphalt pavements covering sidewalks, parking lots, secondary roads etc. The main drawback is that only a few studies in the recent literature have compared observed flow from LID structures to simulated flow, and as a result, parameters need to be estimated in a relative coarse manner [33] [34] [35] [36] [37] . In the present study, there are no flow measurements available in the study area, in order for the calibration-validation procedure to take place, and as a result, parameters are estimated from previous studies [17, 18, [37] [38] [39] [40] . Parameters for the two LID practices simulated in the present study are presented in Table 2 . The GR scenario converted the commercial and residential rooftops into green roofs, while under the PP scenario sidewalks, parking places and secondary roads were converted to permeable surfaces. For determining the available space of the study area to be converted, for both scenarios, the ArcGIS software was utilized. For each subcatchment, total rooftop area, sidewalk area, parking lot area and road area were calculated using aerial imagery. In total, the area converted to green roofs was calculated at about 0.23 km 2 , covering 35% of the impervious area and 31% of the total study area. Finally, the area that must be replaced in order to become permeable was estimated at about 0.19 km 2 , covering 18% of the study area and 20% of the impervious area. The details about the setup of the model parameters in modelling the conventional measures (SE and DP) are described by Kourtis et al. [22] .
Results and Discussion
Even for duration of 1-h and return periods of 2 and 5 years, flooding occurs at two nodes of the system. The total flooding volume was calculated at 28 m 3 and 355 m 3 for 2-, and 5-year return periods, respectively. All flooding mitigation measures examined herein increased the drainage system capacity, and as a result there was not surface flooding at any node of the system. SE and DP upgraded the system capacity, while on the other hand GR and PP reduced the runoff volume from the subcatchments. Figure 2a ,b present the hydrographs at the outlet of the study area for all the scenarios simulated. For SE, a slight increase for the 2-year flood and a significant increase for the 5-year flood of the hydrograph peak are shown, resulting from the additional water entering the storm sewer, which otherwise would end on the street surface. DP, GR and PP give comparable peaks at the exit but the flood volumes for both GR and PP are significantly reduced.
Hydrographs for the existing condition, and all scenarios tested, for duration of 1-h and return period of 10-years, are displayed in Figure 2c . Figure 2c shows that both the peak flow and the total volume are reduced at the outlet due to the implementation of the DP, the GR and the PP. The reduction was in the range of 13.4-28.2% for the peak flow, and 24.5-29% for the total runoff volume. However, in case of DP, the total volume increased about 54%, since additional water, which otherwise would flood the streets, was temporarily stored in the DPs, and then was released back and slowly drained through the storm sewers. GR, PP and DP decreased the peak of the flood hydrograph and the occurrence time of peaks was slightly affected. On the other hand, the flow peak and the total volume increased in case of SE by about 49.7% and by about 15.8%, respectively.
Finally, Figure 2d presents the results for the existing condition and after the implementation of flooding mitigation measures for a large storm event (i.e., return period of 100 years and duration of 1 h). The total surface flooding volume, before the implementation of mitigation measures, was calculated at 12,589 m 3 and 44% of the nodes of the combined drainage network flooded. The SE scenario upgraded the system drainage capacity by 79.6% but even in this case there was flooding in the area. The volume of surface flooding was computed at 4640 m 3 after SE, reduced by about 63%. The DP mitigation scenario upgraded the system capacity by about 13% and the volume of flooding was reduced 100%. Finally, GR and PP reduced the peak flow at the outlet of the study area by about 4%, while the flooding volume, for the whole study area, was reduced by about 70%. We also have to mention that, for all return periods, the SE scenario caused increases in flow peaks at the outlet of the drainage network which may negatively affect conditions at the receiving river. In order for engineers, practitioners and stakeholders to be able to effectively manage highly urbanized basins, and moreover, achieve sustainability goals, more frequent storms must be Permeable Surfaces incorporated in the design process, as they may have a significant impact on water quantity and quality, especially in urban areas were combined drainage networks are still in use. The analysis conducted herein indicated that LID practices, such as GR and PP, can operate as effectively as conventional measures, especially for small storm events, while traditional approaches, such as sewer enlargement and detention ponds are more effective in managing runoff from storm events with lower probability of occurrence. LID and conventional practices must be examined in combination in order to achieve both flood mitigation and sustainability goals.
The methodology proposed herein is relatively easy to be transferred and applied in cities with different characteristics. However, one must be careful in choosing the parameters related to the drainage system, and the parameters of the LID and the conventional solutions explored. Moreover, in case of absence of rainfall-runoff measurements, the hydrologist could transfer and use parameters from adjacent calibrated-validated areas with similar characteristics or use a detailed hydrodynamic 1D-2D model for calibration.
Conclusions and Recommendations for Future Research
The present paper analyzed the impacts of LID designs on urban flooding in a highly urbanized catchment in Athens, Greece, where two LID practices were modeled and compared with conventional drainage solutions (i.e., sewer enlargement and detention pond design) for stormwater management. The main objective was to improve understanding on how the adoption of LID practices, and in particular green roofs and permeable surfaces, in an already urbanized basin might impact runoff and, therefore, flood risk. It is essential to understand the main conditions under which sustainable stormwater solutions (i.e., LID) could mitigate flooding problems. Mitigation measures must be studied in combination, in order to address runoff volumes and discharges in urbanized basins, and so these modeling scenarios are primarily meant more for providing bounds on LID practices as flooding mitigation measures. Results demonstrated that LID practices are highly effective for small storm events. However, as the probability of the rainfall event reduces, the LID solutions tend to become less effective in reducing runoff volume and peak flow. Green roofs and permeable surfaces delay and attenuate stormwater runoff, at the source, and so they reduce stormwater volume discharges and flooding phenomena in urban regions. The two LID practices examined herein demonstrated that LID are more effective for lower intensity storm events; however, their effect tends to diminish while the magnitude of the rainfall event increases. Overall, it is proposed that smaller storms should be included in the design process in order for stakeholders to be able to evaluate sustainability. Finally, SWMM was found to be a very useful tool in modelling and testing the ability of conventional and LID practices in reducing flooding in a highly urbanized basin. Future research is needed regarding modelling parameters of LID practices and the optimum combinations between the sustainable urban drainage solutions and the conventional measures. Moreover, cost-benefit studies must be included in the design process, in order to determine the feasibility of conventional and LID solutions regarding the achievement of sustainability goals. Extension of such analyses in larger areas could provide a clearer insight on the impact of both LIDs and conventional measures to the urban drainage network. All the methods adopted and implemented in the present work are independent and could easily be applied to urban basins with different sizes and characteristics in order to determine feasibility of sustainable drainage solutions.
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